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Coherent excitation of an ensemble of quantum objects underpins quantum many-body phenomena, and offers the
opportunity to realize a quantum memory to store information from a qubit. Thus far, a deterministic and coherent
interface between a single quantum system, e.g. a qubit, and such an ensemble has remained elusive. We first use
an electron to cool the mesoscopic nuclear-spin ensemble of a semiconductor quantum dot to the nuclear sideband-
resolved regime. We then implement an all-optical approach to access these individual quantized electronic-nuclear
spin transitions. Finally, we perform coherent optical rotations of a single collective nuclear spin excitation corre-
sponding to a spin wave called a nuclear magnon. These results constitute the building blocks of a dedicated local
memory per quantum-dot spin qubit and promise a solid-state platform for quantum-state engineering of isolated
many-body systems.
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A controllable quantum system provides a versatile inter-
face to observe and manipulate the quantum properties of an
isolated many-body system (1). In turn, collective excitations
of this ensemble can store quantum information as a long-
lived memory (2–4) – one of the contemporary challenges in
quantum technologies. This situation is captured elegantly by
the central spin model (5,6), studied in donor atoms embedded
in Si (7, 8), in diamond color centers (9–11), and in semicon-
ductor nanostructures (12–15). In these systems, the state of
the central spin and of the spin ensemble that surrounds it are
tied by mutual interaction, allowing proxy control over the
many-body system in principle (16). Realising this scenario
with an electron in a semiconductor quantum dot (QD) offers
access to a dense ensemble of nuclear spins uniformly cou-
pled to the central spin. In this system, coherent addressing
of the ensemble via the central spin has yet to be shown, and
a limiting factor is the thermal fluctuations of the surround-
ing spins that obfuscate the state-selective transitions required
for such control. However, driving the central spin can stim-
ulate exchange of energy with its surrounding spins, and thus
modify the properties of its own environment. This has been
shown to reduce the uncertainty on the collective spin state
of the isolated QD nuclei, leading to prolonged electron spin
coherence (17–26).
In this work, we use all-optical stimulated Raman transi-
tions to manipulate the electron-nuclear system and realize a
coherent interface. First employing a configuration analogous
to Raman cooling of atoms (27), we drive the electron spin to
reduce the thermal fluctuations of the nuclear spin ensemble
(Fig. 1a). Cooling the nuclear spin fluctuations to an effective
temperature well below the nuclear Zeeman energy (< 1 mK)
reveals an excitation spectrum of transitions between many-
body states that are collectively enhanced by the creation of a
single nuclear spin-wave excitation – a nuclear magnon. Fi-
nally we drive a single magnon transition resonantly, inducing
clear coherent exchange between the electron spin and the nu-
clear spin ensemble.
Our system consists of a charge-controlled semiconductor
QD (28), where a single electron spin is coupled to an iso-
lated reservoir of N (104 to 105) nuclear spins magnetically,
and to a charged exciton state optically (Fig. 1b). We drive
the electron-nuclear system with a narrow two-photon reso-
nance at detuning δ from an excited-state whose linewidth Γ
is tunable via the optical pumping rate of the electronic ground
state (Fig. 1b), as with Raman cooling (27). The optical pa-
rameters set the dissipation rate relative to the energy scales
relevant for cooling, which are the nuclear Zeeman energy ωn
and the hyperfine coupling energy per nucleus Ac, like the
phonon and photon recoil energies for trapped atoms (32). In
atomic physics, the motion of an atom relative to detuned driv-
ing fields leads to a velocity-dependent absorption rate via the
Doppler effect and, together with the photon recoil momen-
tum, to a damping force that is the basis of laser cooling of
atomic motion (33). In our system, the hyperfine interaction
between the electron and nuclei leads to a shift of the elec-
tron spin resonance (ESR) that depends linearly on the net
polarization Iz of the nuclei (5), the Overhauser shift 2AcIz,
and thus to a polarization-dependent absorption rate. In the
presence of material strain, the hyperfine interaction enables
optically driven nuclear spin flips that can be modeled as side-
bands of amplitude ηΩ (η < 1) on a principal transition of am-
plitude Ω that flips the electron spin (34, 35). With fast elec-
tron spin reset, absorption on the sidebands at polarization-
dependent rates W±(Iz) can increase (+) or decrease (−) the
mean nuclear polarization Iz, as shown in Fig. 1c, in a process
known as dynamic nuclear polarization (5, 36–39). The evo-
lution of this complex system pitting drift rates W± against a
polarization-dependent diffusion rate Γd(Iz) is captured ele-
gantly by a simple rate equation (35,40):
dIz
dt
= − Γtot
(3N/2)
[Iz − f(Iz)] , (1)
where Γtot = W++W−+Γd is the total diffusion rate, and the
cooling function f(Iz) = (3N/2)(W+ −W−)/Γtot captures
the bidirectional drift that reduces fluctuations, as in Doppler
cooling (33). Figure 1c displays the polarization-dependent
rate of evolution (Eq. 1), offering I0 = δ/(2Ac) as the steady-
state polarization of the dynamical system. The rate extrema
occur when the Overhauser shift brings a sideband transi-
tion in resonance with the drive, |2Ac(Iz − I0)| ≈ ωn (for
ωn  Ac), suggesting that the polarization fluctuations can be
contained well within the range defined by the nuclear Zee-
man energy, ωn. The effective damping on the driven spin-
3/2 ensemble is the cooling function gradient (5/3)f ′(I0) at
steady-state I0. For a probability distribution p(Iz) arriving at
steady-state under drift and diffusion forces, the fluctuations
∆I2z are reduced from their value 5N/4 at thermal equilibrium
(Fig. 1c) by (28,40)
∆I2z
5N/4
=
1− ( 25N I0)2
1− 53f ′(I0)
. (2)
We tie these reduced fluctuations ∆I2z to an effective
ensemble temperature (28). From the electron’s perspec-
tive, a commensurate reduction of fluctuations occurs for a
highly polarized nuclear ensemble, which to date has not been
achieved. This occurs at thermal equilibrium when the en-
ergy kBT falls below the system’s defining energy scale, here
the nuclear Zeeman energy ~ωn. The fluctuations we observe
in Fig. 1c thus correspond to an effective temperature below
T = ~ωn/kB = 1 mK.
Figure 2 highlights the optimal conditions for cooling the
nuclear ensemble. The decay of the electron’s coherence over
a time T ∗2 is a direct measure of the nuclear polarization fluc-
tuations ∆I2z = 1/2(AcT
∗
2 )
2 (26,28). Ramsey interferometry
on the electron spin (29, 30) thus serves as our thermometer.
We parametrize temperature as a cooling performance factor
(5N/4)/∆I2z as a function of Raman rate Ω and excited state
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Figure 1: An electron controls a nuclear ensemble (a) (left) Typical scenario for central spin problem where a spin interacts with a thermally
fluctuating ensemble. (middle) When resonantly driven in the presence of dissipation, the spin can cool the ensemble to a lower effective
temperature. (right) Driving the spin can create coherent superpositions of single spin-flips as collective excitations of the cooled ensemble.
(b) Realization of the central spin problem through a semiconductor QD, under a magnetic field in Voigt geometry, optically pumped to
electronic spin state |↑〉 by a resonant drive Ωp via the trion state |⇑↑↓〉 of homogeneous linewidth Γ0 = 150 MHz at a rate
Γ ∼ Ω2p/Γ0 ≤ 38 MHz. The electron-spin splitting is (Overhauser) shifted by its hyperfine interaction 2AcIz, where Ac = 600 kHz, with an
ensemble of N (104 to 105) nuclear spins, described by mean polarization states Iz = [−3N/2, 3N/2] (taken for spin-3/2). Far-detuned
(& 1 nm) Raman beams drive the electron spin resonance (ESR) at a Rabi frequency Ω . 40 MHz, including transitions that simultaneously
flip a single nuclear spin Iz → Iz ± 1 at frequency ηΩ (η < 1). (c) Under a fixed frequency drive Ω, the rate of change of nuclear polarization
dIz/dt becomes a function of the polarization Iz, owing to the Overhauser shift and to the nuclear spin flipping transitions W± that reach a
maximum rate when the drive is resonant with sideband transitions. The polarization I0 is the stable point of this dynamical system, where the
width ∆I2z of the nuclear polarization probability distribution p(Iz), measured by electron Ramsey interferometry (28), is reduced (violet)
compared to its value without cooling (red).
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Figure 2: Optimal cooling of the nuclear ensemble (a) Experimental Raman cooling performance 5N/4∆I2z as a function of Raman rate Ω
and excited-state linewidth Γ, at 5 T. The maximum of 300 is reached for Ω ∼ ωn/2, and saturation conditions Γ ∼
√
2Ω. (b) Theoretical
prediction of panel (a). (c) Calculated cooling curves f(Iz) ∝W+ −W− at optical saturation Ω = Γ/
√
2 for increasing rates. The largest
damping, f ′(I0), and therefore the best cooling (orange curve) occurs when the rates are approximately half of the Zeeman splitting
ωn = 36 MHz. (d) Raman rate and excited-state linewidth at the measured optimal cooling performance as a function of nuclear Zeeman
splitting at 3 T, 4 T, 5 T and 6 T. Solid curves are the corresponding theoretical calculations. (e) Magnetic-field optimal cooling. Circles
represent the maximum cooling performance at a given magnetic field. Curves are from a theoretical model (28). The purple region is the
cooling limit imposed by the electron dephasing from high frequency nuclear noise (29,30). The red region is the limit intrinsic to Raman
cooling based on the nuclear sidebands (28). Including the effect of electron-mediated diffusion (31) generates the solid curve. Error bars
represent one standard deviation of uncertainty.
4
linewidth Γ, as shown in Fig. 2a. Its maximum value of∼ 300
is found where the Raman rate Ω = 17 MHz is approxi-
mately half of the nuclear Zeeman splitting ωn = 36 MHz,
and the excited state linewidth corresponds to optical satura-
tion, Γ ∼ 25 MHz. This is in quantitative agreement with the
theoretical prediction, shown in Fig. 2b, from a microscopic
model that accounts for nuclear spin diffusion and inhomoge-
neous broadening (28).
The Raman rate Ω and the electronic excited-state
linewidth Γ are key parameters that determine the spectral se-
lectivity and the diffusion rate of the cooling process. For
best cooling, no absorption should occur at the stable point,
while sideband absorption should turn on sharply in response
to polarization fluctuations away from this stable point. This
defines an optimal value for Ω and Γ that relates to the side-
band spacing ωn: Ω,Γ  ωn entails high spectral selectiv-
ity but weak sideband absorption near the stable point, while
Ω,Γ ∼ ωn entails strong absorption on the sidebands but low
spectral selectivity. As shown in Fig. 2c, this can be visual-
ized in the dependence of the cooling function f(Iz) on the
optical parameters. The damping f ′(I0) is largest when the
Raman rate is approximately half of the nuclear Zeeman en-
ergy, Ω ∼ ωn/2, and when it is close to saturation with the
linewidth Ω ∼ Γ/√2. We confirm this experimentally in
Fig. 2d by changing the applied magnetic field: the Raman
rate and the excited-state linewidth that optimize the cooling
performance are proportional to the sideband spacing.
The lowest temperature of our system is a function of dis-
tinct diffusion and broadening processes competing with Ra-
man cooling, through magnetic-field dependent rates: in the
low-field regime, homogeneous broadening of the ESR dom-
inates (29, 30) (blue region in Fig. 2e), while in the high-field
regime optical diffusion does (28) (red region in Fig. 2e). Fur-
ther, electron-mediated nuclear spin diffusion (31, 41) coun-
teracts Raman cooling in both regimes. Figure 2e displays
the magnetic field dependence of the temperature optimized
against optical parameters. Our results follow closely the
field-dependent bounds obtained from modelling the diffusion
processes, and establish the globally optimal cooling perfor-
mance of ∼400 at ∼3.3 T. Operating close to this field, we
prepare the nuclear ensemble at an effective temperature of
200 µK (28). There, the Overhauser fluctuations are well
below the nuclear Zeeman splitting, 2Ac
√
∆I2z = 7 MHz
< ωn = 22 MHz (at 3 T), which places our system well into
the sideband-resolved regime.
We now probe the electron-spin state in the coherent
regime where dissipation is turned off, Γ → 0. We drive
the ESR for a time τ at a detuning δ and measure the elec-
tron |↓〉 population (Fig. 3a). Figure 3b shows a spectrum
buildup over time τ , obtained from our theoretical analy-
sis (28), where we expect five distinct processes, as shown
in Fig. 3c: a central transition at δ = 0, and four sideband
transitions at δ = ±ωn,±2ωn. The model consists of a mas-
ter equation treatment of the driven electron-nuclear system
that accounts for electron dephasing, where the nuclear sys-
tem is reduced to collective states with polarization close to
I0 (28). The microscopic origin of the nuclear spin-flip side-
band transitions is the strain-induced electric field gradient
that couples to the quadrupole moment of the quantum-dot
nuclei with spin I ≥ 3/2, which mixes their Zeeman eigen-
states (15). From a first-order perturbative expansion of the
hyperfine interaction (28), the ESR is dressed by sideband
transitions that change the nuclear polarization by one quan-
tum (Iz → Iz ± 1) (34, 35) and two quanta (Iz → Iz ± 2),
with comparable strength. When the driving field with am-
plitude Ω is detuned from the principal transition by one or
two units of nuclear Zeeman energy ωn, these resonant tran-
sitions occur with an amplitude ηΩ, as sidebands of strength
η = DAnc/ωn; here Anc ≈ 0.015Ac is the non-collinear hy-
perfine constant parametrizing the perturbation. The driven
electron cannot distinguish the ∼ N possible spin-flips that
take Iz to Iz ± 1,±2, which leads to the degeneracy factor
D ∼ √N . This underpins the collective enhancement (42)
that makes the nuclear spin-flip sideband transitions so promi-
nent in our system.
Figure 3d shows the experimental spectra averaged over
short delays τ = 0 − 150ns, where Ωτ ∼ pi, revealing
the principal ESR with optimal (violet data) and suboptimal
(red data) cooling. The feature width is a convolution of the
drive Rabi frequency Ω with the Overhauser field fluctuations
2Ac
√
∆I2z , and highlights the spectral narrowing achieved by
Raman cooling. Figure 3e shows the time-frequency map of
this measurement. At δ = 0, the principal ESR leads to
Rabi oscillations at Ω = 3.8 MHz. At larger delays where
ηΩτ ∼ pi and at a sufficient detuning from the principal transi-
tion δ  Ω, the emergence of four sideband processes agrees
well with our predictions. Figure 3f is a standout observation
of the sideband spectrum, integrated over τ = 850− 1000ns.
A five-Gaussian fit (dashed curve) verifies that the sidebands
emerge at integer multiples of ωn, and the shaded area high-
lights the theoretical spectrum. Our results confirm that the
sideband drive can excite selectively a single nuclear spin-flip
in the ensemble and highlight that ∼ N sufficiently identical
nuclei are simultaneously coupled to the driven electron. Un-
til now, such a collective nuclear-spin excitation had only been
observed as ensemble measurements of atomic gases (43) and
magnetic materials (44,45), while our result represents the de-
terministic generation of a single nuclear magnon by interfac-
ing the nuclei with an elementary controllable quantum sys-
tem.
This spectral selectivity enables coherent generation of a
single-spin excitation, provided it is faster than the dephas-
ing times of the electron (T2 ≈ 1 µs (30)) and the nuclei
(≈ 10 µs (31)). Figure 4 illustrates this coherent drive via
Rabi oscillations. We drive the Iz → Iz + 2 sideband with
ηΩ > 1/T2 (Fig. 3c), and measure for delays τ & pi/ηΩ.
Figure 4 presents measurements with three Rabi frequencies
Ω = 7, 9, 12 MHz. Oscillations of the electron spin popu-
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Figure 3: Resolving single nuclear magnons (a) Spectrum measurement sequence, from left to right: Raman cooling, Rabi drive ESR at
detuning δ for time τ , and optical readout of the electron |↓〉 population (28). (b) Theoretical ESR spectrum buildup as a function of
two-photon detuning δ and drive time τ , at fixed nuclear polarization Iz = 0, for a Rabi frequency of Ω = 3.3 MHz on the central transition.
Sideband coupling η is fitted (28). (c) On the right, the ladder of electronic and nuclear states showing the carrier Iz → Iz and sideband
transitions Iz → Iz ± 1, Iz ± 2 from an initially spin-up polarized electron at a nuclear polarization of Iz. On the left, the same transitions
represented within a single nuclear spin-3/2 manifold. (d) Spectra with optimal (violet) and poor (red) Raman cooling at average delay
τ = 0− 150 ns. The dashed curves are Gaussian fits with standard deviation 7.7 MHz and 44.6 MHz, respectively. (e) Experimental
spectrum buildup with Ω = 3.8 MHz. (f) Spectrum at integrated delay τ = 850− 1000 ns. The solid curve is the same time slice averaged
from the theory spectrum of panel (b). The dashed curve is five Gaussian functions centered at δ ∼ 0,±ωn,±2ωn (28).
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⌦ = 7 MHz
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⌦ = 12 MHz
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Figure 4: Coherent oscillations of a nuclear magnon Electronic
excited-state |↓〉 population (28), measured after a Rabi pulse of τ at
δ = −2ωn = −52 MHz detuning, at 3.5T. The carrier Rabi
frequency Ω is 7, 9, and 12 MHz for measurements shown in the
top, middle, and bottom panels, respectively. Solid curves are the
corresponding theoretical calculations with η = 15%, using the
same carrier Rabi frequencies. The shaded areas represent a
∼ ±20% deviation in model Rabi frequency.
lation at a fraction η of the carrier frequency Ω are a direct
measurement of coherent electron-nuclear dynamics. We at-
tribute the sharp appearance of oscillations as a function of
Rabi frequency to reaching a sufficient sideband coupling ηΩ
to overcome inhomogeneities. The master equation model
(solid lines in Fig. 4) captures this inhomogeneous broadening
that limits the Rabi oscillations. The grey-shaded areas repre-
sent ±20% deviations of Rabi frequency, and our data’s drift
towards lower Rabi frequency at long delays suggests a de-
phasing mechanism that depends on accumulated phase Ωτ .
Our model further allows us to reconstruct the nuclear-spin
population transfer, where the effect of off-resonant excita-
tion of the principal transition is not present, and shows that
the electron spin population transfer is accompanied predom-
inantly by nuclear spin population transfer (28).
The value η ∼ 15%, directly extracted from the coherent
oscillations in Fig. 4, confirms the∼ √N enhancement of the
sideband transition strength arising from the collective nature
of the magnon excitation. Indeed, owing to sufficient cou-
pling homogeneity, the nuclei can be treated as an ensemble
of N = 30,000 indistinguishable spins under the hyperfine
interaction with the electron. Oscillations in Fig. 4 indicate
the creation and retrieval of a coherent superposition of a sin-
gle nuclear spin excitation among all spins, forming the basis
of many-body entanglement as found for Dicke states (42).
This occurs despite operating near zero polarization, where
the degeneracy of nuclear states is maximal. Strikingly, this
exchange of coherence is far from the bosonic approximation
available for a fully polarized ensemble (2). Furthermore, an
intermediate drive time ηΩτ = pi/2 generates an inseparable
coherent superposition state for the electron and the nuclei.
In this work, we have realized a coherent quantum inter-
face between a single electron and 30,000 nuclei using light.
Making use of the back-action of a single nuclear-spin flip on
the electron, the development of a dedicated quantum mem-
ory per electron spin qubit in semiconductor QDs becomes
viable. Future possibilities also include creating and monitor-
ing tailored collective quantum states of the nuclear ensemble,
such as Schro¨dinger cat states, by harnessing Hamiltonian en-
gineering techniques.
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1 Experimental System
1.1 QD Device
Self-assembled InGaAs QDs are grown by Molecular Beam
Epitaxy (MBE) and integrated inside a Schottky diode struc-
ture (1), above a distributed Bragg reflector to maximize pho-
ton outcoupling efficiency. There is a 35-nm tunnel barrier
between the n-doped layer and the QDs, and a tunnel barrier
above the QD layer to prevent charge leakage. The Schottky
diode structure is electrically contacted through Ohmic Au-
GeNi contacts to the n-doped layer and a semitransparent Ti
gate (6 nm) is evaporated onto the surface of the sample. The
photon collection is enhanced by placement of a superhemi-
spherical cubic zirconia solid immersion lens (SIL) on the top
Schottky contact of the sample. We estimate a photon outcou-
pling efficiency of 10% for QDs with an emission wavelength
around 950 nm.
1.2 Raman laser system
Raman beams are generated by modulating a fiber-based
EOSPACE electro-optic amplitude modulator (EOM) with a
Rohde & Schwartz 22GHz microwave frequency source am-
plified to a peak power of 25 dBm. The Raman beams, with
a combined optical power of ∼1 mW at the entrance to the
cryostat, are passed through a quarter-wave plate and arrive at
the quantum dot with near circular polarization at a red single-
photon detuning ∆ & 2 nm. The first-order EOM sidebands
are two coherent laser fields whose energy difference can be
made resonant with the electron spin resonance, as per this
work 13−38 GHz (corresponding to an applied magnetic field
B = 2− 6 T), leading to a two-photon detuning δ ≈ 0.
2 Overhauser fluctuation measure-
ments via electron spin coherence,
T ∗2
The electron coherence function C(τ) is measured by per-
forming Ramsey interferometry on the electron spin (2,3). To
do so, we make use of a mode-locked Coherent MIRA ps-
pulsed laser detuned from the trion state resonance by ∼2 nm
to perform ultrafast pi/2 rotations of the electron spin (4, 5),
separated by a time delay τ , followed by a spin-selective reso-
nant readout, as shown in Fig. S1a. The visibility of the Ram-
sey fringes as a function of delay time τ (Fig. S1b) is captured
by the coherence function C(τ) (Fig. S1c). The envelope of
C(τ) is related by a simple Fourier transform to the Over-
hauser shift probability distribution p(2AcIz) (Fig. S1d) (6),
whose variance 4A2c 〈∆I2z 〉 = 2/T ∗22 is our measure of the
effective nuclear ensemble temperature:
C(τ) =
∣∣∣∣∫ ∞−∞ p(2AcIz) exp (−i2AcIzτ) d(2AcIz)
∣∣∣∣
3 Electron Hahn Echo T2
The homogeneous dephasing time of the electron T2 sets an
important limit on cooling at low fields (Fig. 2e main text),
and is one limit for coherent electron-nuclear exchange at
the optimal field (Fig. 4 main text). Dephasing is dominated
by high-frequency noise near the nuclear Zeeman frequencies
arising from the hyperfine coupling of the electron to the nu-
clei, whose Zeeman eigenstates are mixed by quadrupolar in-
teractions (2, 3). In Fig. S2, we present measurements of the
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Hahn Echo T2 (7) measured at magnetic fields of 2 T, 3 T, and
5 T. These measured values are those used in our Raman cool-
ing theory of Fig. 2 (main text) as well as the theory spectrum
of Fig. 3 (main text).
4 Note on electron excited-state popu-
lation
In Figs. 3 and 4 (main text) we present measurements of the
electron excited-state population, which we perform experi-
mentally by measuring the average trion fluorescence follow-
ing a spin-selective resonant laser pulse. For best agreement
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Figure S1: Measuring nuclear spin fluctuations. Data is taken at a
magnetic field of 4 T. (a) Ramsey interferometry experimental
sequence. (b) Normalized readout fluorescence as a function of
Ramsey delay τ . The solid curves are sinusoidal fits. (c) Coherence
function C(τ) defined as the visibility of the sinusoidal fit to the
readout data in (b). The solid curve is a stretched exponential
function exp(−(τ/T ∗2 )α), with fitted parameters T ∗2 = 26± 7 ns
and α = 1.6± 0.2. (d) Probability distribution of the Overhauser
shift, obtained from the Fourier transform of the coherence function
C(τ).
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Figure S2: Hahn Echo T2 measurements Measurement of the
electron coherence as a function of the Hahn echo delay τ (time
between two Ramsey pi/2 pulses, with a pi pulse inserted at τ/2) at
magnetic fields of 2 T (purple), 3 T (red), and 5 T (orange). The
data are fitted with a simple exponential model A exp(−t/T2), with
the following fitted T2 values: 15± 10 ns (2 T), 765± 15 ns (3 T),
2220± 70 ns (5 T).
with our theoretical analysis in Figs. 3 and 4 (main text), we
have found that we needed to leave the conversion factor from
readout fluorescence to population as a free parameter. In both
figures, this conversion factor is fitted to 60% of the value that
would be expected from taking the resonantly driven electron
population to be 0.5 at driving times well beyond its coher-
ence time T2.
5 A note on multiple nuclear species
We expect that all three species, As, In, and Ga, are engaged
in nuclear spin-flip processes that change the ensemble po-
larization Iz , and that the fluctuations ∆I2z arising from all
three species are reduced by cooling, albeit perhaps unequally.
Nonetheless, for overall simplicity and to reduce the number
of free parameters in our models, we make a single-species
approximation under which As nuclei dominate the dynam-
ics. This is justified in several ways:
• the quadrupolar angle of As makes it the species with
the largest Anc value (17)
• As has the lowest Zeeman energy, which makes its side-
band coupling value of η ∝ ω−2n the largest
• In the case of cooling, absorption on the first sideband
Iz ± 1 of the species with the lowest Zeeman energy
10
is the first transition to become resonant for a deviation
away from the steady-state.
6 Microscopic origins of the sideband
transitions
This section describes the perturbed hyperfine interaction that
is the microscopic origin of the nuclear spin-flip sideband
transitions.
The full Hamiltonian of the Raman-driven system with the
Voigt B-field taken along the z-axis is (in a frame rotating
with the Raman lasers and with the trion adiabatically elimi-
nated)
H = δSz + 2ΩSx +
∑
j
ωnI
j
z −
∑
j
2AcI
j
z Sz +HQ,
where we have ignored the flip-flop terms in the hyperfine in-
teraction and HQ describes the nuclear quadrupolar interac-
tion (9),
HQ =
∑
j
BQ
[
Ij2x cos
2 θ + Ij2z sin
2 θ + (Ijx I
j
z + I
j
z I
j
x )
sin 2θ
2
]
,
where θ is the angle between the z-axis and the quadrupolar
axis. Since the nuclear Zeeman splitting is much larger than
the quadrupolar interaction strength, BQ, the terms in HQ that
do not commute with Iz describe processes that are not al-
lowed to first order. First, we extract the Iz-preserving and
non-preserving parts of HQ, which we denote by H0Q and VQ,
H0Q =
∑
j
BQ[I
j2
z sin
2 θ +
1
2
(Ij2x + I
j2
y ) cos
2 θ]
VQ =
1
2
∑
j
BQ[(I
j2
x − Ij2y ) cos2 θ + (Ijx Ijz + Ijz Ijx ) sin 2θ].
The Iz-commuting part, H0Q, induces an anharmonic shift of
the single-nucleus spin ladder of ∆Q = BQ(2 sin2 θ−cos2 θ),
whereas VQ couples the nuclear Zeeman states. To obtain an
effective Hamiltonian for the allowed low-energy excitations,
we dress H with VQ using a Schrieffer-Wolff transformation
(10,11). This removes VQ and instead leads to a second-order
correction term in the hyperfine interaction,
V ′Q = Sz
∑
j
Anc
[
(Ij2x − Ij2y ) cos2 θ + (Ijx Ijz + Ijz Ijx ) sin 2θ
]
,
whereAnc = AcBQ/ωn, describing an effective non-collinear
electron–nucleus interaction. This correction term, however,
also describes a first-order energetically forbidden nuclear
transition. Dressing the Hamiltonian with V ′Q replaces it by
a correction to the electronic driving term,
V ′′Q = −2ΩSy
∑
j
Anc
ωn
[1
2
(Ijx I
j
y + I
j
y I
j
x ) cos
2 θ
+ (Ijz I
j
y + I
j
y I
j
z ) sin 2θ
]
,
which describes higher-order simultaneous nuclear–electron
transitions induced by the Raman drive.
To evaluate the strength of sideband transitions, we eval-
uate matrix elements of V ′′Q with respect to the collective nu-
clear Iz-eigenstates, |Iz〉, we find the matrix elements
〈I ′z|V ′′Q |Iz〉 = −2Sy
ΩAnc
ωn
DIz,I′z
{
sin 2θ
[
δI′z ,Iz+1 + δI′z ,Iz−1
]
+
cos2 θ
2
[
δI′z ,Iz+2 + δI′z ,Iz−2
]}
,
(3)
where DIz,I′z is an enhancement factor accounting for the de-
generacy of the transition. The terms in Eq. (3) proportional
to sin 2θ describe the ∆Iz = ±1 sideband transitions, and the
terms proportional to cos2 θ describe the ∆Iz = ±2 transi-
tions. Assuming that the nuclear bath is unpolarized and thus
Iz, I
′
z ' 0, we find for spin-3/2 nuclei∣∣DIz,I′z ∣∣ '√3N/4. (4)
6.1 Theory for sideband spectrum
To model the excitation spectrum of the electron spin in the
presence of the nuclear sideband transitions, we assume that
the initial nuclear density operator can be written as a classi-
cal mixture of |Iz〉-states described by the cooled Overhauser
distribution, p(Iz). In each realisation of the ensemble, |Iz〉,
we expand the nuclear state on the relevant five-dimensional
subspace {|Iz〉 , |Iz ± 1〉 , |Iz ± 2〉} and calculate the dynam-
ics under the approximation (4) using the master equation for
the combined electron-nuclear system,
∂ρ(t|Iz)
∂t
= i[ρ(t|Iz), H] +
Iz+2∑
I′z=Iz−2
ΓnL(|I ′z〉〈I ′z|)
+
1
T2
L(Sz),
(5)
where ρ(t|Iz) is the density operator conditional on the initial
nuclear state being Iz, L(a) = aρ(t|Iz)a† − 12{a†a, ρ(t|Iz)}
is the Lindblad operator, and Γn is broadening of the collec-
tive nuclear states due to quadrupolar fine structure structure,
Γn = 2(1 + α)|∆Q|. Here, α is the relative variation of ∆Q
in the nuclear ensemble due to inhomogeneous strain, which
is estimated to be ∼ 80%, based on (17). The last term in
(5) accounts for electronic dephasing induced by nuclear dif-
fusion. The ensemble density operator, χ, is then calculated
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by averaging the conditional density operator ρ(t|Iz) over the
different initial configurations χ(t) =
∫
dIz p(Iz)ρ(t|Iz).
Fig. 3b (main text) shows the theoretically predicted ex-
citation map resulting from the master equation, (5). The
quadrupolar parameters are fitted to the experiment (Fig. 3e
main text), from which we obtain: BQ = 1.7 MHz, θ =
20.4◦. These fitted values are consistent with parame-
ters for As nuclei from literature (17). Other parameters
are taken from the experimental configuration, ωn/2pi =
7.22 MHz/T, B = 3 T, Ω/2pi = 3.3 MHz, T2 = 1.5 µs.
In relation to the sideband strength relative to the carrier
Rabi frequency, η, these parameters yield the first sideband
strength η1 = (Anc/ωn)(
√
3N/4)(sin 2θ) = 0.1 and the sec-
ond sideband strength η2 = (Anc/ωn)(
√
3N/4)(cos2 θ/2) =
0.14.
7 More details on fitting the electron
resonance spectrum
The spectrum in Fig. 3f (main text) is fitted with a sum of
five Gaussian functions G(A, δ, σ) of amplitude A (popula-
tion), detuning δ (MHz), and standard deviation σ (MHz),
appearing as a dashed line that agrees closely with the
data. The result of the fit is: G(0.40(1), 0.0(2), 7.5(3)) +
G(0.27(1), 22.0(3), 7.2(4))+G(0.27(1),−22.6(3), 7.1(4))+
G(0.10(1), 46.3(9), 9.6(9)) +G(0.13(1),−47.8(9), 11.9(9)).
8 Raman cooling
8.1 Cooling model
8.1.1 Two-level limit
We consider two fields with orthogonal polarization driv-
ing a three-level system: a V -polarized field driving the V -
polarized exciton transition | ↑〉 to the trion state | ⇑↑↓〉 with
resonant Rabi frequency ΩV and detuning ∆V, and an H-
polarized field driving the H-polarized exciton transition | ↓〉
to the same trion state | ⇑↑↓〉with resonant Rabi frequency ΩH
and detuning ∆H. In the limit where these fields do not pop-
ulate the trion excited state, Ω2H,V/∆
2
H,V  1, we can ignore
the excited state contribution and reduce the driven three-level
system to a driven two-level system split by the electron Zee-
man energy ωe, where the two-photon transition between the
electronic states | ↑〉 and ↓〉 has a resonant Rabi frequency
Ω = ΩHΩV/2∆, ∆ = (∆H + ∆V)/2, and a detuning from
electron spin resonance of δ = ∆V −∆H − ωe.
In the presence of an additional field with resonant Rabi
frequency Ωp performing resonant optical pumping on the
H-polarized transition, the | ↓〉 state acquires an effective
linewidth that is the inverse of its lifetime under optical pump-
ing:
Γ =
Γ0
4
2 (Ωp/Γ0)
2
1 + 2 (Ωp/Γ0)
2 ,
where Γ0 ≈ 150 MHz, is the natural linewidth of the trion
excited state. The optical pumping field Rabi frequency Ωp
can thus be used to tune the excited state linewidth of the two-
level system in the range [0,Γ0/4].
We can hereon treat scattering in the two-level system as
per the textbook formula, given a driving field with Rabi fre-
quency Ω, excited state with linewidth Γ, and dephasing rate
Γ2. In relation to the main text, this gives then the stimulated
Raman scattering rate on the central electron spin transition at
a detuning δ:
W (δ) =
Γ
2
(Ω2/ΓΓ2)
1 + (Ω2/ΓΓ2) + (δ/Γ2)
2 ,
8.1.2 Cooling
The sideband processes are best represented in a ladder of
states, where we consider the electron spin states dressed by
the nuclear states of polarization Iz = [−NI,NI] (for spin-I
nuclei), as in Fig. 1 (main text). In this simple picture, V ′′Q
allows transitions which change nuclear spin polarization by
one (or two) nuclear spin flip, in either direction. Towards
cooling, which results in a polarization which deviates from
its steady-state over an energy scale well below the nuclear
Zeeman energy, we consider that the Iz ± 1 sideband largely
dominates the process, and its coupling strength is a fraction
η = (
√
NI/2)(Anc/Nωn)(sin 2θ) (for spin-I) of the cou-
pling on the central transition.
Combining these sideband processes within our Raman-
driven two-level system where one electron spin state relaxes
to the other, we obtain two types of rates that change the
nuclear spin polarization, drift rates W± arising from stim-
ulated sideband transitions, and a diffusion rate Γnc arising
from spontaneous sideband transitions, each occuring at a
maximum rate of η2Γ/2 with a spectral response function
defined by the polarization-dependent Raman scattering rate
W (δ, Iz):
W±(δ, Iz) = η2
Γ
2
(Ω2/ΓΓ2)
1 + (Ω2/ΓΓ2) + (∆±(δ, Iz)/Γ2)
2
Γnc(δ, Iz) = η
2Γ
2
(Ω2/ΓΓ2)
1 + (Ω2/ΓΓ2) + ((δ −AcIz)/Γ2)2
Where the effective detuning ∆±(δ) = (δ − Ac(Iz ±
1) ∓ ωn), and we take the dephasing rate Γ2 = (Γ/2 +
1/T2)
√
1 + 2 (Ωp/Γ0)
2
+ ∆ωn to be determined by the elec-
tronic excited state linewidth Γ, the homogeneous dephasing
time of the electron spin resonance T2, power broadened by
the optical pumping saturation 2 (Ωp/Γ0)
2, and by the inho-
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mogeneous broadening ∆ωn of the nuclear Zeeman energies
arising primarily from the multiple nuclear species partaking
in the process.
For a fixed two-photon detuning δ = 0, the evolution of
the nuclear polarization is given by:
dIz
dt
= W+(Iz)(1− Iz
NI
)−W−(Iz)(1 + Iz
NI
)− Γd(Iz) Iz
NI
Where Γd(Iz) = Γnc(Iz) + Γem is the total diffusion term
composed of a polarization-dependent optical diffusion Γnc as
defined above, and a constant rate non-optical electron medi-
ated diffusion term Γem which we report on in a later section
of this supplementary.
We can re-arrange this rate equation:
dIz
dt
= − (W+(Iz) +W−(Iz) + Γd(Iz))(
Iz
NI
− W+(Iz)−W−(Iz)
W+(Iz) +W−(Iz) + Γd(Iz)
)
dIz
dt
= −Γtot
NI
(
Iz −NIs(1/2)(Iz)
)
,
where, following Yang & Sham (12), we have defined Γtot =
W+(Iz) + W−(Iz) + Γd(Iz), and have made the association
that s(1/2)(Iz) = (W+(Iz)−W−(Iz))/Γtot is the steady state
fractional polarization for spin-1/2 nuclei. This acts then as
proportional to the cooling function f(Iz) = NIs(1/2)(Iz) as
per the formula in the main text. We make the approxima-
tion that the nuclear polarization is small, |Iz|  N , which
is where we conduct our experiments, and as such we can ap-
proximate the steady-state nuclear polarization for an arbitrary
spin-I as:
s(Iz) ≈ 2
3
(I + 1)
W+(Iz)−W−(Iz)
W+(Iz) +W−(Iz) + Γd(Iz)
Steady-state is then simply obtained by the numerically solv-
able self-consistent equation:
s(I0) = I0/NI
We note here that the gradient f ′(I0), which we relate to the
damping coefficient, depends intimately on the relationship
between ωn, Ac, and Γ through the spectral function ∆±/Γ2.
Two competing demands exists on Γ. First, the simple condi-
tion that some sideband scattering is required near the stable
point I0 in order for good Raman cooling to occur means that
the Raman rate Ω and linewidth Γ must be comparable to the
nuclear Zeeman energy ωn; this means making Γ/ωn ≈ 1.
Secondly, the spectral selectivity over the Overhauser shift
2AcIz, which improves narrowing around a given value of Iz ,
depends on the ratio Ac/Γ, which needs to be large for good
cooling. These two competing effects lead to an optimal value
of Γ, which is ultimately determined by just how much scat-
tering is needed near the stable point I0 to beat non-optical
diffusion Γem.
Linearising f(Iz) around the stable point I0, it is possible
to obtain the steady-state distribution p(Iz) under a Fokker-
Planck treatment of the diffusion equation, and to obtain
an analytical expression for the steady-state reduction in the
width of the thermal distribution ∆I2z,th:
∆I2z
∆I2z,th
=
1−
(
3
2(I+1)
I0
NI
)2
1− 2(I+1)3 f ′(I0)
Hence, it is clear that for any reduction of fluctuations around
I0, we require |f ′(I0)| > 0. The above analytical result forms
the basis for our theoretical cooling predictions in Fig. 2 (main
text). In our measurements we obtain the ratio ∆I2z /∆I
2
z,th by
exploiting the straightforward relationship between ∆I2z and
T ∗2 (obtained from Ramsey measurement of the electron spin
splitting):
∆I2z
∆I2z,th
=
(
T ∗2,th
T ∗2
)2
8.2 Further measurements
8.2.1 Cooling measurements at 3 T and 6 T
In Fig. 2a (main text), we reported our cooling performance
measurements as a function of both Raman rate and excited
state linewidth performed at a magnetic field of 5 T. The same
measurements were performed at 3 T and 6 T, which we show
here in Fig. S3. The optimal cooling performance and the
corresponding Raman rate and linewidth are those reported in
Fig. 2d,e (main text).
8.2.2 Note on measurement at 4 T
At 4 T, we only varied the excited state linewidth Γ near the
interpolated optimal value of Ω, which gives a good approxi-
mation of the optimal excited state linewidth within our mea-
surement error. As a result we present in Fig. 2d (main text)
an optimal excited state value but not an optimal Raman rate
at this magnetic field.
8.2.3 Nuclear spin diffusion: relaxation of the probabil-
ity distribution variance
In the absence of cooling (W± = 0), the nuclear spin distri-
bution relaxes back to its equilibrium distribution giving us
information on the non-optical nuclear spin diffusion rate Γem
that plays an important role in limiting the cooling efficiency
at all fields. In Fig. S4, we show a measurement performed at
3 T of the nuclear polarization fluctuations ∆I2z , normalized
by their thermal value 5N/4, as they relax from their cold
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nonequilibrium steady-state to their thermal state in the ab-
sence of cooling, as a function of delay time between cooling
and Ramsey measurement of the fluctuations (13).
The relaxation is fitted well by an exponential model for
which the asymptotic behaviour is fixed 4∆I2z /5N → 1, as
we know from measuring the electron coherence at thermal
equilibrium (13). The typical relaxation time of the fluctua-
tions τ = 41.7± 1.2ms is used as the model parameter 1/Γem
which is part of the nuclear depolarization rate Γd that is used
Figure S3: Raman cooling at 3T and 6T (a) Experimental map of
the cooling performance as a function of Raman rate and excited
state linewidth at a magnetic field of 3T (b) The same at a magnetic
field of 6T.
in our theoretical calculations presented in Fig. 2 (main text).
This mechanism is only present when an electron is present
in the QD, which points towards an electron-mediated mech-
anism (13–15). In this respect, the diffusion rate ought to be
inversely proportional to the electron spin splitting squared
Γem(B) ∝ B−2, where Γem(3) = 1/τ , and this is the scaling
we use to obtain our theory curves in Fig. 2 (main text).
8.3 Additional notes on global limit to cooling
performance
Even in the absence of non-optical nuclear spin diffusion
mechanisms (Γem = 0, Γd = Γnc), the simple condition
that some sideband scattering is required close to the steady
state polarization I0 in order to maintain Raman cooling, i.e.
|f ′(I0)| > 0, means that the Raman rate Ω and linewidth Γ
must be of the order of the nuclear Zeeman energy ωn. The
dependence of sideband absorption rate on the polarization
Iz is a function of the Overhauser shift 2AcIz, and as a re-
sult the damping coefficient f ′(I0) depends on the ratio of the
Overhauser shift to the Zeeman energyAc/ωn. This condition
thus entails a limit on the spectral selectivity that is intrinsic
to the sideband cooling mechanism we employ: the larger the
energy splittings at play, the less efficient the cooling. As a
result, the cooling efficiency is inversely proportional to the
magnetic field. The resulting field-dependence is shown as
a dotted theory line in Fig. 2e (main text) bounding the red
shaded region.
The field-dependence of the cooling efficiency is accentu-
ated by an explicit dependence of the sideband scattering on
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Figure S4: Relaxation of the nuclear spin fluctuations
Measurement at 3T of the nuclear polarization variance ∆I2z ,
normalized by its thermal value 5N/4, as it relaxes from its cold
state to its thermal state in the absence of cooling, as a function of
delay (relaxation) time between cooling and Ramsey measurement
of the fluctuations. The solid curve is a fit to the model
1− a exp(−t/τ), for which we obtain a = 0.9974± 0.0003 and
τ = 41.7± 1.2 ms.
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magnetic field, i.e. W± ∝ η2 ∝ ω−4n . The electron-mediated
nuclear spin diffusion mechanism (14, 15) plays a significant
role in our system as described in the previous section. This
diffusion mechanism decreases the cooling performance at all
fields. It has a field dependent rate ∝ B−2 and, when added
to the sideband model, leads to a sharper decrease of cooling
efficiency with increasing field, as seen from the high-field
behavior of the solid theory line in Fig. 2e (main text).
Lastly, at magnetic fields below 2T, where the nuclear Zee-
man eigenstates are strongly mixed by strain and the resulting
fast precession of a wide spectrum of nuclear-spin frequen-
cies dephase the electron spin over a time T2 (2, 3), the Ra-
man resonance is homogeneously broadened to a linewidth
∆νQ ∼ 1/T2 > 20 MHz and thereby imposes that limit on
the width of the nuclear spin distribution that can be prepared
with Raman cooling. This leads to the dashed theory line in
Fig. 2e (main text) bounding the blue shaded area.
We summarize our measurements under these cooling lim-
its in Fig. 2e (main text), where it is clear that we reach
our system’s global temperature optimal at a magnetic field
around 3.3T.
9 A relation to canonical temperature
We define the effective temperature of the nuclear spin ensem-
ble as the temperature of a thermal ensemble that would fea-
ture the same polarization fluctuations ∆I2z as those we mea-
sure. We make a number of assumptions to relate the mea-
sured system properties to a temperature:
• the energy of the system is characterized by Iz (i.e. we
neglect the quadrupole shifts of the collective state)
• we neglect the presence of multiple nuclear isotopes and
take the nuclear Zeeman energy of As (spin-3/2), which
has the lowest Zeeman splitting, and therefore provides
a lower bound on the temperature
• we consider that the average polarization Iz probed by
the electron spin is representative of the nuclear polar-
ization of the QD, which is only exactly true for homo-
geneous coupling
We define the partition function of the nuclear spin system
expressed in the collective Iz basis, where we account for the
degeneracy g(Iz) of each state:
Z(β) =
3N/2∑
Iz=−3N/2
g(Iz) exp(−βIz),
where β = ~ωn/kBT . The degeneracy term g(Iz) is a sum of
binomial coefficients corresponding to the number of ways a
state Iz can be thermally occupied accounting for individual
spin-3/2 structures that contain four internal states (16). As an
example, for Iz = −3N/2+2 (i.e. two nuclear spin flips away
from maximal polarization), this can occur with two separate
spins increasing their internal energy by one unit, or a single
spin increasing its internal energy by two units. Here we show
this degeneracy factor in order of increasing unit jumps:
g(−3N/2) = 1
g(−3N/2 + 1) =
(
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)
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...
What we deduce from this sequence is that the term with sin-
gle unit jumps (i.e. the first term) dominates the count by
a factor O(N) for high polarization Iz . −N (for which
this first term reaches a maximum), and thus serves as a good
approximation when considering the low temperature regime
β > 1. We thus approximate the partition function as:
Z(β) ≈
−N∑
Iz=−3N/2
(
N
Iz + 3N/2
)
exp(−βIz),
where we have truncated the sum at Iz = −N , which yields
a sufficient number of terms in the sum for a low tempera-
ture approximation. Note that this result is exact for spin-1/2
particles.
From the partition functionZ(β), it is then a simple matter
to calculate the moments for a thermal distribution:
〈Ikz 〉 =
(−1)k
Z(β)
∂kZ(β)
∂βk
and most importantly the variance ∆I2z :
∆I2z = 〈I2z 〉 − 〈Iz〉2
=
−1
Z(β)
∂2Z(β)
∂β2
−
(
1
Z(β)
∂Z(β)
∂β
)2
We can plot the mean polarization |〈Iz〉| and the fluctuations
∆I2z as a function of β, shown in Fig. S5. From this plot, it
becomes clear that any significant reduction of fluctuations
∆I2z  N is accompanied by a reduction of temperature
below the system’s defining energy scale, i.e. the nuclear
Zeeman splitting ωn; this corresponds to β > 1. Our max-
imum measured cooling performance (5N/4)/∆I2z = 400
can also be seen as the reduction of fluctuations to a level
of ∆I2z = (5N/4)/400 ≈ 100. From our theory curves in
Fig. S5, this corresponds to a thermal ensemble with β = 5.5
and a polarization around 99.9%. There, the equivalent tem-
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  = 5.5, |Iz|/(3N/2) = 99.9%
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Figure S5: Mean polarization and fluctuations as a function of
inverse temperature. Curves are calculated from a canonical
ensemble of non-interacting spin-3/2 nuclei, in the collective
polarization Iz basis, as a function of inverse temperature
β = ~ωn/kBT . Dashed lines mark values corresponding to our
maximum measured cooling performance,
∆I2z = (5N/4)/400 ≈ 100.
perature is T = (~ωn/kB)/5.5 ≈ 200µK.
10 Nuclear magnon vs electron popu-
lation
In Fig. 4 (main text), our theory curves showed what we mea-
sure in our experiment: the electron excited state population
summed over all nuclear states. In our simulations, we can
however readout the particular nuclear state |Iz − 2〉 that we
target with our sideband drive. Here we show as Fig. S6 a ver-
sion of Fig. 4 (main text), where the population of the target
nuclear state is shown alongside the main theory curve and the
data.
11 Summary of model values
Our models contain a number of parameters whose range of
values is well-known from previous studies (1, 3, 9, 17), but
whose exact value is determined by fitting our data in several
independent experiments.
The cooling experiments of Fig. 2 (main text) are fitted
with our single-species Raman cooling model described ear-
lier in this SI. We fix the nuclear Zeeman splitting to be that of
As, corresponding to a gyromagnetic ratio of 7.22 MHz/T, and
the spin to I = 3/2. We introduce a nuclear Zeeman broad-
ening free parameter ∆ωn representing the effective spread of
Zeeman energies arising from the contribution of other species
and from quadrupolar interactions, which acts as an inhomo-
geneous broadening term in the Raman scattering rate. The
Figure S6: Coherent electron-magnon exchange Electronic
excited state | ↓〉 population, measured after a Rabi pulse of τ at a
detuning δ = −2ωn = −52 MHz, for a magnetic field of 3.5 T,
measured for carrier Rabi frequencies Ω = 7, 9, 12 MHz (top to
bottom). Solid curves are the corresponding theoretical calculations
of identical carrier Rabi frequencies. The dashed curves are the
simulated population transferred only to state | ↓, Iz − 2〉.
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Table 1: Summary of directly measured experimental parameters
(single parameter fits)
Wavelength 950 nm
Electron geµB 6.3 GHz/T
Inhomogeneous dephasing time T ∗2,th 1.7 ns
Homogeneous dephasing time T2 (2 T) 20 ns
Homogeneous dephasing time T2 (3 T) 500 ns
Homogeneous dephasing time T2 (5 T) 2000 ns
Sideband coupling η at 3.5 T (Fig. 4) 0.15
Nuclear relaxation time T1,n (3 T) 42 ms
other free parameters of this model are the number of nuclei
N , the collinear hyperfine constant Ac, the noncollinear hy-
perfine constant Anc, and the trion excited state linewidth Γ0.
While these parameters are “free”, we emphasize that they
are tied to independently measured values, from both our own
measurements and from literature, and are thus formally tied
to specific ranges. ∆ωn should be no less than the Zeeman
energy broadening of ∼ 3 MHz arising from strain inhomo-
geneities for a single species, and no more than these inho-
mogeneities added to the spread of species Zeeman energies,
∼ 30 MHz (at 3 T). The number of nuclei N should be in
the range 104 − 106 (1). The total Overhauser shift NIAc
should be no less than for GaAs 16.3 GHz, and no more than
for InAs 38.1 GHz (1). The noncollinear hyperfine constant
Anc/Ac should be in the range 0.01 − 0.08 based on previ-
ous measurements and calculations (9, 17). The trion state
lifetime, known to be ∼1 ns (1), corresponds to linewidths
100− 400 MHz.
The collinear hyperfine interaction product Ac
√
Nt is
tied to the inhomogeneous dephasing time T ∗2 of the
electron (2, 3) in the absence of any cooling; T ∗2 =[
(2/3)Nt〈A2c I(I + 1)〉
]−1/2
. 〈〉 is the species-averaged value
of individual nuclear spin I and hyperfine constant Ac, where
we take the Indium concentration to be 50% as per previ-
ous measurements on quantum dots from the same wafer (3).
Note that while not all species may contribute to the cooling
equally, all species will contribute to the thermal fluctuations
Table 2: Summary of fitted model parameters (multi-parameter fits)
Number of nuclei N (Fig. 2) 3× 104
Trion linewidth Γ0 (Fig. 2) 150 MHz
Ac (Fig. 2) 600 kHz
Nuclear Zeeman spread ∆ωn at 3 T (Fig. 2) 10 MHz
η at 3 T (Fig. 2) 0.063
η1 at 3 T (Fig. 3 1st sideband) 0.10
η2 at 3 T (Fig. 3 2nd sideband) 0.14
Nuclear broadening Γn (Fig. 3) 3.9 MHz
Nuclear broadening Γn (Fig. 4) 0.7 MHz
Homogeneous dephasing time T2 at 3.5 T(Fig. 4) 5000 ns
of the ensemble. As such, all Nt spins in the QD should be
counted here. We measure T ∗2 = 1.7 ns, which gives the prod-
uct Ac
√
Nt = 190 MHz. The free parameter value of Ac
√
N
we arrive at from fitting our cooling data (Fig. 2 main text)
with our model is 104 MHz. Within our model, N is the fitted
number of spins that partake in the cooling process, which we
know to be effectively smaller than the total number of spins
of all species Nt. This discrepancy could be thus explained if
indeed N/Nt = 33% of spins took part in the cooling.
The fitted values of the total Overhauser shift NIAc =
27 GHz agrees well with an InGaAs QD with 50% In. The
fitted non-collinear hyperfine constant Anc/Ac = 0.015, and
the number of spins 3 × 104 match those of previous studies
on non-collinear feedback effects in InGaAs QDs (9).
The trion excited state linewidth, fitted to Γ0 = 150 MHz,
sets the absolute scale on the optical parameters Ω and Γ,
which are measured through optical saturation. It was left a
free parameter in order to match the optimal rates measured
in Fig. 2 (main text).
The noncollinear hyperfine interaction constant Anc =
AcBQ/Nωn and quadrupolar interaction angle θ are deter-
mined by fitting the sideband spectrum in Fig. 3d (main
text), where we measure the ratio of population η1 =
(
√
3N/4)(Anc/ωn) sin(2θ) on the first sideband ( Iz → Iz±1)
and η2 = (
√
3N/4)(Anc/ωn) cos
2(θ)/2 on the second side-
band ( Iz → Iz ± 2) relative to the principal transition. As
noted earlier, this is done with the simplification that the en-
semble is made up of a single species, As, with a Zeeman
energy at 3 T of 21.6 MHz. From this fit we obtain η1 = 0.10
and η2 = 0.14, or equivalently BQ = 1.7 MHz, and θ = 21◦.
We also measure the value η =
(
√
3N/4)(Anc/ωn) sin(2θ) directly as determined by
measuring the ratio of oscillation frequency of electronic
population on the second sideband Iz → Iz + 2 relative to the
frequency on the principal transition Ωs/Ω (Fig. 4 main text),
from which we obtain η = 0.15.
The discrepency between the sideband-resolved spectra,
where η = 0.10 − 0.15, and the cooling model, where
η = 0.06, may be attributed to deviations from simple spectral
broadening of the sidebands in the case of cooling, whenever
multiple species with different coupling strength are corralled
to participate in the polarization-changing processes, contrary
to our simple single-species model.
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